Running title: Viable H. pylori in co-culture with A. castellanii
Introduction
Helicobacter pylori is a pathogenic gram-negative bacteria considered to be the most extended infectious agent in humans, thus being estimated to infect approximately 50% of the world's population [26] . Among all the water emerging pathogens, it is the only bacterium classified as a Class I human carcinogen by the WHO International Agency for Research on Cancer (IARC) because of its strong relation to gastric cancer and peptic ulcer [11] . Its transmission has not been exactly determined yet, but it is strongly suggested that this bacteria could be acquired by different routes, among which the fecal-oral route through water is included [8, 19] . However, the relationship between illness and contaminated water is not well established, mainly due to the failure to culture the pathogen from the environment. Since H. pylori is sensitive to water disinfection treatments, the survival mechanisms of this bacteria in water are not well defined yet.
Free-living amoebae (FLA) are ubiquitous protozoa which have been isolated from water, soil and air [21, 27] . Acanthamoeba species are the most common FLA in those environments [13] . They have two developmental stages: the trophozoite, the metabolically active form, and the cyst, the dormant form which is acquired under unfavorable conditions such as food depletion or other stress conditions. When in the trophozoite stage, Acanthamoeba spp. and other FLA feed on bacteria, some of which, instead of being phagocyted, are able to resist or even replicate inside amoebae, being hidden and protected from harsh environmental conditions. Therefore, FLA could be considered to be "Trojan Horses" for these amoeba-resistant bacteria (ARB) [4] . In fact, there are many studies about the role of FLA as potential transmission vehicles for several human pathogens such as Legionella, Listeria and Campylobacter [2, 5, 6] .
There are few studies investigating the interaction between FLA and H. pylori. In a co-culture assay, Winiecka-Krusnell et al. [29] suggested that H. pylori viability could be improved by the presence of Acanthamoeba castellanii. Other authors, [24] tried to show H. pylori survival and multiplication in the vacuoles of Acanthamoeba polyphaga in a co-culture assay but without conclusive results. A study reported that the co-culture of Campylobacter, a closely Helicobacter genus-related bacteria, with A. castellanii favors its survival and promotes its growth although it is unable to replicate inside the amoeba [5] . The authors concluded that the growth of this microaerobic bacterium was stimulated by the decrease of the dissolved oxygen in the media due to the presence of A. castellanii. Therefore, the viability of H. pylori inside amoeba has to be well established in order to clarify whether this pathogen is able to survive inside amoeba or if their co-culture only promotes the viability of the extracellular bacteria present.
Since H. pylori tend to acquire a viable but non culturable (VBNC) state in the envir onment [10] , assessing the viability of the pathogen by cultural methods is a very difficu lt task. Molecular methods such as Fluorescent in Situ Hybridization (FISH) and quantit ative Polymerase Chain Reaction (qPCR) can be an alternative to detect the presence of H. pylori inside amoeba. However, they are unable to distinguish between live and dead bacteria.
FISH in combination with Direct Viable Count incubation (DVC-FISH) has been rec ently reported as a complementary technique to successfully detect viable cells of H. pyl ori in wastewater and drinking water [15, 20] .
Thus, the main objective of this investigation was to apply the DVC-FISH technique in order to identify the presence and survival of viable and potentially infective forms of H. pylori inside A. castellanii after a co-culture assay. The persistence of the pathogen i nside the amoeba was also investigated by PMA-qPCR and culture. 
Material and Methods

Microorganisms and culture conditions
Sample preparation
H. pylori cells were resuspended in PBS 1X buffer and stained using the LIVE/DEA D ® Cell Viability Kit (Invitrogen, UK) according to the manufacturer´s instructions, in order to count the initial inocula and assess bacteria viability along the co-culture proces s.
The A. castellanii culture was routinely observed under an inverted microscope. Whe n most of the amoebae were in the trophozoite state, the flask was washed twice with P BS 1X buffer and Page's Amebic Saline (PAS) solution [12] was added 24 hours prior c o-cultivation.
Co-culture assay
Amoeba and bacteria were co-cultured in 15 ml sterile tubes. Briefly, 100 μl of a su spension of stained H. pylori (containing approximately 10 5 cells/ml) was mixed with 5 00 μl of a suspension of A. castellanii trophozoites (containing approximately 10 3 cells/ ml) and incubated at room temperature under darkness for 1 h to allow bacterial internal ization by the amoeba. This solution was then centrifuged at 500 g for 3 min to recover amoeba. The sediment was resuspended in 500 μl of PBS 1X followed by the addition o f sodium hypochlorite at a final concentration of 104 ppm to kill extra-amoebic bacteria. Then, tubes were incubated at room temperature under darkness for 1 h. This solution w as washed three times at 500 g for 3 min to remove sodium hypochlorite. The sediment was resuspended in PBS 1X, washed 3 times and subsequently analysed by FISH, DVC -FISH, qPCR, PMA-qPCR and culture. Additionally, bacterial fluorescence from the LI VE/DEAD ® Cell Viability stain was evaluated in vivo along all co-culture assays. Three co-culture assays were carried out. In a previous study, a sample containing only H. pyl ori was also treated with sodium hypochlorite at the same concentration.
FISH
Aliquots of 20 μl of the buffer containing A. castellanii and internalized H. pylori we re placed in gelatine-coated slides. They were air-dried, fixed in 4% paraformaldehyde f or 3 h at 4 °C and washed with PBS 1X as previously described [12] .
Thereafter, slides were dehydrated by successive immersions in 50 %, 80 % and 100 % ethanol for 3 min each. Then, each well was covered with 10 µl of hybridization buff er (0.9 M NaCl, 20 mM HCl-Tris, 0.01% SDS and 30% formamide, pH 7.5), which con tained 50 ng of each probe. The reaction was carried out under darkness at 46°C for 1.5 h. A combination of three EUB338 probes complementary to a region of the Eubacteria domain 16S rRNA was used as a positive control. For the specific detection of H. pylori , a previously designed probe [16] with LNA modifications to increase its specificity [2 0] was used; LNA-HPY: 5'-CTG GAG AGA C + TA AGC CC + T CC-3'.
Subsequently, slides were washed under darkness at 48 °C for 15 min in 50 ml of wa shing solution (0.10 M NaCl, 0.02 HCl-Tris, 0.01% SDS and 0.005 M EDTA). Finally, they were washed with distilled water and air-dried under darkness. Slides were mounte d with FluoroGuard Antifade Reagent (Bio-Rad, Spain) between the coverslip and the sl ides. They were visualized using an Olympus BX 50 fluorescence microscope with the f ilters U-MWB, U-MWIB and U-MWIG. Photographs were taken with an Olympus DP-12 camera. A pure culture of fixed H. pylori cells was used as a positive control of the F ISH reaction.
DVC-FISH
The DVC procedure was carried out by adding 1 ml of the co-culture sample in 9 ml of DVC broth (BBL™ Brucella Broth supplemented with 5% Fetal Bovine Serum (FBS ) and 0.5 mg/l Novobiocin) followed by 24 hours of incubation under H. pylori optimal conditions [20] .
Once incubated, DVC tubes were centrifuged at 5000 g for 8 min and resuspended in 1 ml of PBS 1X. Afterwards, samples were fixed for FISH analysis and dehydrated, hyb ridized and analyzed as previously described by Moreno et al., (2003) [16] . A pure cultu re of fixed H. pylori cells were used as a positive control of the FISH reaction.
qPCR and PMA-qPCR
The mammalian tissue protocol from the GeneJet™ Genomic DNA Purification kit ( ThermoScientific, Germany) was used to isolate DNA from 500 μl of the co-culture sa mple, following the manufacturer's instructions, with the exception of the incubation ti me at 56 °C, which was increased from 10 min to 30 min. Afterwards, specific H. pylori Real Time PCR based on SYBR Green I fluorescence was carried out using VacA prim ers to amplify a 372 bp fragment [18] in LightCycler ® 2.0 Instrument (Roche Applied S cience, Spain). The final reaction volume was 20 μl, which contained: 2 μl of LightCycl er ® FastStart DNA SYBR Green I (Roche Applied Science, Spain), 1.6 μl of MgCl2 (50 mM), 0.5 μl of each primer (20 μM) and 2 μl of DNA template. The amplification consi sted of an initial DNA denaturalization at 95 °C for 10 min, followed by 40 cycles of: 9 5 °C for 10 s, 62 °C for 5 s and 72 °C for 16 s. Finally, one cycle at 72 °C for 15 s and o ne at 40 °C for 30 s [20] . Amplifications were made by triplicate. A positive control wit h H. pylori DNA and a control of external contamination, qPCR mix without DNA, wer e added to the qPCR analysis. PCR products were also visualized in 1% agarose gel elec trophoresis prepared with 0.01% GelRed (Biotium, USA).
Prior to the performance of the qPCR, another 500 µl of the co-culture samples were treated with Propidium Monoazide (PMA) (GenIUL, Spain) which was dissolved in 20 % dimethylsulfoxide (DMSO) according to the manufacturer´s instructions. Samples we re incubated under darkness for 10 minutes with a final concentration of the reagent of 5 0 µM with occasional mixing to allow better reagent penetration. Then, they were expos ed to light for 15 min in a photo activation system (PhAST Blue, GenIUL, Spain). Ther eafter, samples were centrifuged at 15300 g for 5 min and resuspended in 200 µl of PBS 1X [1] .
Culture
One hundred µl of the co-culture sample was incubated on PBA for 3 days under H. pylori specific conditions above described. Plates were daily monitorized to observe cha racteristic H. pylori colonies.
Results
Co-culture fluorescence evaluation
Before the co-culture assay, we checked by means of LIVE/DEAD ® Cell Viability stain that most of the H. pylori cells were in their helical viable form, stained in green, and only some of them were observed in red, being non-viable. The number of viable cells in the inoculum was adjusted to be 10 5 cells/ml. After 1 h in co-culture, viable and non-viable H. pylori cells were observed inside A. castellanii (Figure 1) . After the addition of sodium hypochlorite at a final concentration of 104 ppm, H. pylori cells kept their viability inside amoeba, while outside them, bacterial cells were dead and thus observed with red fluorescence. The staining of the sample containing only H. pylori showed that all cells were dead. Moreover, even 24 hours after the sodium hypochlorite treatment, viable H. pylori cells were observed inside A. castellanii.
H. pylori detection by FISH and DVC-FISH
By direct FISH analysis, the specific H. pylori hybridization showed H. pylori cells in coccoid and helical morphologies, both outside and inside (Figure 2) A. castellanii in all co-culture samples. Only a portion of H. pylori cells was internalized.
After removing the chlorine by washing the co-culture suspension, during the DVC incubation (24 h for H. pylori), only the active (live) H. pylori excreted cells, protected from treatment, became longer and/or fatter and stopped their replication because of the Novobiocin action. Dead cells present in the broth kept their original size. After FISH analysis combined with the previuos DVC incubation, we were able to distinguish between elongated H. pylori cells with strong fluorescence and non-elongated cells outside amoebae (Figure 3 ). According to other authors, this type of cells present a bigger size than the original one (control) and also show a stronger fluorescence, being considered as viable cells [20] .
H. pylori detection by qPCR and PMA-qPCR
Specific amplification product was obtained both by qPCR and by PMA-qPCR. By means of qPCR, Ct (cycle threshold) mean value was 26.34. However, when PMAqPCR was carried out, Ct mean value was 28.01. To confirm amplicon size, qPCR and PMA-qPCR products were visualized in 1% agarose gel. All amplicons were 372 bp (Figure 4 ).
H. pylori detection by culture
After incubation of co-culture samples under H. pylori conditions, no presumptive colonies were observed.
Discussion
It is known that several human waterborne pathogens such as Campylobacter, Salmonella, Legionella or Listeria [2, 5, 6, 9] are able to colonize and survive into FLA, like Acanthamoeba. The resistance of those intracellular pathogens to digestion by protozoa may increase their potential of infectivity in eukaryotic cells. Since FLA are resistant to several adverse conditions, such as disinfection, they could act as reservoirs, protecting and improving the survival of hosting bacteria [28] and even promoting their multiplication [7] . Several authors have proposed that H. pylori could belong to the ARB group, since it has been reported to be phagocyted by FLA [29] .
In this study, internalization of viable and non-viable H. pylori cells by A. castellanii was observed along the co-culture assay. Co-cultures were exposed to an agressive sodium hypochlorite treatment able to kill H. pylori based on previous works [17, 22] . After this treatment, external non-viable H. pylori cells, stained in red, were observed, while viable H. pylori cells were seen inside amoeba, showing green fluorescence by the LIVE/DEAD ® Cell Viability staining. Therefore, in agreement with other authors [24, 29] , it was checked how H. pylori was internalized by A. castellanii. Even 24 hours after the sodium hypochlorite treatment, green (live) stained H. pylori cells were observed inside amoeba suggesting the survival of the pathogen. Most ARB are able to enter into the VBNC state, losing the ability to grow on synthetic agar media, and, therefore, this could lead to the underestimation of the presence of viable bacteria when samples are analyzed by culture. Identification by molecular techniques could be an alternative and, in fact, they have been previously applied to monitor the presence of H. pylori in co-culture with Acanthamoeba [24, 29] .
FISH with the specific probe showed the presence of H. pylori. However, this technique cannot prove that bacteria remain alive into amoeba, even though some authors consider FISH to be directly related to viability [29] . When the combined method DVC-FISH was applied, viability of H. pylori cells was evidenced [20] . In this work we have observed that when a portion of the co-culture was incubated into DVC medium, a fraction of H. pylori cells were excreted by A. castellanii during the incubation period. This fact was also observed in a previous study of an in vitro predation assay of Salmonella, in which FLA excrete endogenous bacteria every 2-4 hours after ingestion [9] . Since external cells were killed by the sodium hypochlorite treatment, after DVC incubation, viable cells able to increase their size and fluorescent hybridization signal were only possible to come from inside A. castellanii, through their excretion. Although there are some studies in which H. pylori internalization by amoebae has been studied in vitro [24, 29] , none of them have proved its survival after disinfection, being this the first demonstration that H. pylori is able to survive a chlorination treatment in occurrence with A. castellanii. Because of these results and the fact that H. pylori has been detected in different water systems, including rivers, wastewater and drinking water [15, 20, 25] , our study supports the hypothesis that this pathogen could belong to the ARB group and could survive inside FLA, which would act as "Trojan horses", protecting this bacteria and becoming a transmission vehicle [4] .
When qPCR was applied to detect H. pylori in co-culture samples, we obtained amplification of the total DNA present in the sample: from dead external cells, external DNA and DNA from H. pylori cells from inside amoeba. The PMA treatment prior to the DNA isolation was used to remove exogenous DNA and DNA from noninternalized H. pylori dead cells after the sodium hypochlorite treatment, allowing the detection of H. pylori DNA only from the inside of A. castellanii. The fact that the Ct mean value from qPCR analyzed samples was lower than the Ct mean value from PMA-qPCR analyzed ones supports that PMA eliminates DNA from dead cells and exogenous DNA [3] , yielding more accurate results of the presence of bacteria inside amoeba but without distinguishing between viable and dead internal cells.
Although it has been shown that the growth of H. pylori in co-culture with Acanthamoeba is encouraged [29] , no report has concluded that internal amoeba conditions are optimal for the growth of H. pylori. Thus, not being able to isolate H. pylori by culture suggests that these bacteria could acquire the VBNC state, since its viability after the co-culture assay has been shown by DVC-FISH in this report. In this study A. castellani was not disintegrated prior to cultivation under H. pylori specific conditions. Many ARB are not able to self-release, although according to MarcianoCabral and Cabral [14] , H. pylori can be liberated after 4 days from Acanthamoeba astronyxis, and thus the incubation period of 3 days carried out in this study may not be longer enough for H. pylori to release from A. castellanii. Besides, we hypothesize that it could also be possible that certain FLA species are capable of promoting the growth and maintenance of viable H. pylori cells to a greater extent, for longer periods of time or in better conditions than others. Therefore, one of the most important challenges following this study would be to assess whether H. pylori is able to replicate inside amoeba or the bacteria only survives in a VBNC state until a more suitable environment or host is found. However, in this work survival of H. pylori cells phagocyted by A. castellanii was demonstrated using molecular methods for the first time, since, up to now, no report had identified viable H. pylori cells coming only from inside FLA. 
